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Protein-Protein Interactions: Coupling of
Structurally Conserved Residues and of Hot Spots
across Interfaces. Implications for Docking
Aflalo, 1994; Young et al., 1994; Jones and Thornton,
1996; Larsen et al., 1998; LoConte et al., 1999; Chakra-
barti and Janin, 2002; Valencia and Pazos, 2002; Tsai
et al., 1996, 1997; Sheinerman et al., 2000). It has been
further recognized that binding sites have been relatively
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Faculty of Exact Sciences et al., 1987; Valdar and Thornton, 2001; Yao et al., 2003;
Pupko et al., 2002; Glaser et al., 2003; Hu et al., 2000),Tel-Aviv University
Tel-Aviv 69978 unlike the remainder of the protein surface. Analysis of
conservation patterns appears a useful tool for predic-Israel
3 Basic Research Program tion of protein binding sites (Ma et al., 2003; Lichtarge
et al., 1996; Lichtarge and Sowa, 2001; Pupko et al.,SAIC-Frederick, Inc.
Laboratory of Experimental 2002; Glaser et al., 2003).
Experimentally, alanine scanning mutagenesis hasand Computational Biology
Building 469, Room 151 shown that some residues contribute dominantly to sta-
bilize protein complexes (DeLano, 2002; Clackson andNCI-Frederick
Frederick, Maryland 21702 Wells, 1995; DeLano et al., 2000). A hot spot was defined
as a residue that when mutated to alanine leads to a
significant drop in the binding affinity as determined by
the change in the free energy of binding (G). Compu-Summary
tationally, recently simple and efficient models have
been developed for the prediction of the experimentallyHot spot residues contribute dominantly to protein-
measured free energy change by alanine substitutionprotein interactions. Statistically, conserved residues
(Kortemme and Baker, 2002; Guerois et al., 2002). Sincecorrelate with hot spots, and their occurrence can
structure conservation is expected to positively corre-distinguish between binding sites and the remainder
late with the stability constraints acting on a positionof the protein surface. The hot spot and conservation
in a protein, hot spots are expected to correlate withanalyses have been carried out on one side of the
structurally conserved residues. Consistently, Hu et al.interface. Here, we show that both experimental hot
(2000) and Ma et al. (2003) have shown that the alaninespots and conserved residues tend to couple across
scanning mutagenegis data assembled by Bogan andtwo-chain interfaces. Intriguingly, the local packing
Thorn (Thorn and Bogan, 2001; Bogan and Thorn, 1998)density around both hot spots and conserved residues
correlate remarkably well with residue conservation.is higher than expected. We further observe a correla-
The conservation analyses have all been performedtion between local packing density and experimental
on a single side of the interface. While coupling acrossG. Favorable conserved pairs include Gly coupled
interfaces was never demonstrated systematically duewith aromatics, charged and polar residues, as well
to the smaller data sets, it has already been used inas aromatic residue coupling. Remarkably, charged
individual cases (Kvansakul et al., 2001). The structurallyresidue couples are underrepresented. Overall, pro-
nonredundant data set of protein-protein interfaces de-tein-protein interactions appear to consist of regions
rived by our group in 1996 (Tsai et al., 1996) was recentlyof high and low packing density, with the hot spots
enlarged from 1,629 interfaces and 351 clusters to cur-organized in the former. The high local packing density
rently 21,686 interfaces and 3,799 clusters (Keskin et al.,in binding interfaces is reminiscent of protein cores.
2004). Its larger size enables an analysis of structurally
conserved residues across interfaces. Further, the cur-
Introduction rent database of alanine scanning mutagenesis (Thorn
and Bogan, 2001) allows an experimental hot spot
One of the major challenges in bioinformatics is an a analysis.
priori prediction of binding sites and of protein-protein Here, we find that structurally conserved and hot spot
interactions. Such a prediction would limit the conforma- residues which are in contact across the two-chain inter-
tional search in drug discovery and may provide leads face tend to couple more than expected by random
to binding site design, facilitate the prediction of protein- distribution. Remarkably, we further find that the local
protein interactions, and assist in the construction of packing density around conserved residues in these
protein networks (Halperin et al., 2002). Binding sites two-chain complexes is higher than expected. For the
were studied with respect to their sizes, shapes, hydro- alanine scanning data, we find a high correlation be-
phobicity, electrostatic interactions, composition, and tween G and across the interface local atomic pack-
residue distributions (Chothia and Janin, 1975; Janin ing density, in agreement with their contribution to the
and Chothia, 1990; Korn and Burnett, 1991; Vakser and free energy of binding. These findings are consistent
with additional analysis carried out by our group on
single conserved residues (Keskin et al., 2004), normal*Correspondence: ruthn@ncifcrf.gov
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were first sequentially, and then structurally, compared
by the Geometric Hashing sequence order-independent
structural algorithm (Tsai et al., 1996; Nussinov and
Wolfson, 1991). A heuristic iterative clustering procedure
assigns an interface to a cluster if its similarity to the
cluster representative is below predefined thresholds.
Six clustering cycles were performed, gradually relaxing
the thresholds. The threshold parameters used in the
different cycles were (0.9,90,0), (0.9,80,3), (0.8,50,10),
(0.7,25,20), (0.6,10,40), and (0.5,0,50). The first number
indicates the relative connectivity score (Tsai et al.,
1996), the second the minimal percent of amino acid
identity, and the third the maximal amino acid size differ-
ence between interfaces. After each iteration, the cluster
representative is reselected. Overall, 3799 clusters were
obtained. In order to have a nonredundant set of inter-
faces, sequences within each cluster were compared
using CLUSTALW and the BLOSSUM90 substitution
matrix. One of two entries in the same cluster sharing
more than 50% similarity was eliminated, leading to 103
Figure 1. An Example of Conserved Couples at an Interface clusters. To have reliable conservation data, clusters
The structure of two monomers of the glycoprotein CD40 from Mus with less than five members were removed. MultiProt
Musculus (1BEV chains B and C) is shown in red and blue dots. was used to simultaneously structurally align members
Structurally conserved residues are presented by a spacefill atom of each cluster (Shatsky et al., 2002, 2004). The highest
representation. For each conserved residue pair the two most proxi-
scoring multiple structure alignment, containing all themate atoms (one from each side of the interface) were chosen,
cluster members, with the default parameters wasunless these atoms were already used to represent a different con-
served pair. picked. Residues are defined as “conserved” if they
appear in more than 50% of the members of the cluster
in the multiple structural superposition of the cluster
mode analysis (T. Haliloglu, O. Keskin, B. Ma, and R.N., members. In order to be able to consider coupling
unpublished data) and complemented pocket analysis across the interface, clusters with consensus positions
across interfaces (X. Li, O. Keskin, B. Ma, R.N., and on only one chain were not used. The remaining struc-
J. Liang, unpublished data). These findings are also con- tures were searched in the literature, excluding those
sistent with the observation of preferred occurrence of that are not biologically relevant. Finally, 42 clusters,
hot spots in regions buried in the interface (Bogan and accounting for 253 protein-protein complexes and 625
Thorn, 1998). Further, this situation is reminiscent of structurally conserved positions were used. These are
protein cores (Michnick and Shakhnovich, 1998; Mirny listed in Table A and Appendix A of the Supplemental
and Shakhnovich, 2001) where packing has long been Data located at http://www.structure.org/cgi/content/
shown to be a major factor (Lattman et al., 1994; Brom- full/12/6/1027/DC1.
berg and Dill, 1994; Shoichet et al., 1995; Xu et al., 1998). Hot Spot Data
An example of conserved coupled residues in contact The Alanine Scanning Energetics database (ASEdb)
across the interface is shown in Figure 1. (Thorn and Bogan, 2001) was scanned for pairs of pro-
We further provide two examples using the experi- teins that fulfilled the following criteria. First, both pro-
mental hot spots and the computational conservation teins were alanine scanned and at least one hot spot
residue coupling results to show its potential power in was found in each protein. Second, both proteins were
improving predicted protein associations in docking. crystallized as a complex (Berman et al., 2002). A hot
spot is defined as a residue that contributes at least 1.9
Description of the Data Sets kcal/mol. This yielded 8 pairs of protein-protein com-
and the Statistical Models plexes consisting of 429 alanine mutations and 53 hot
Structure Conservation Data spots. These are detailed in Table B of the Supplemental
The newly derived protein-protein interface data set is Data.
detailed in work done by O. Keskin, C.J. Tsai, H. Wolf- Statistical Models for Coupling across Interfaces
son, and R.N. (available at http://protein3d.ncifcrf.gov). Model 1. In order to determine whether structurally con-
Briefly, an interface is defined to consist of interacting served residues tend to couple across an interface, we
and nearby residues. Two residues are defined as inter- calculate the expected number of couples of conserved
acting across the interface if the distance between any residues assuming random distribution. Equation 1 de-
of their atoms is less than the sum of their corresponding scribes the expected number of conserved couples (E1).
van der Walls radii plus 0.5 A˚. A residue is labeled
E1  Ni/Na  Nj/Nb  p1  Na  Nb“nearby” if the distance between its C and a C of an
interacting residue is less than 6 A˚. All 18,687 entries in  Ni  Nj  p1 (1)
the PDB available on 18 July 2002 were used for building
the interface clusters. These entries consist of 35,112 a and b are two sides of a given interface, each side
originating from a different protein chain. Na and Nb aresingle chains and 21,704 two-chain interfaces. These
Coupling of Conserved Residues and Hot Spots
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Figure 2. Interface Graph with Structurally
Conserved Couples
The graph represents the interface of gluta-
thione S-transferse (1AXD chains A and B).
Each node in the graph represents an inter-
face residue. Black nodes represent a struc-
turally conserved residue. Edges between
nodes present proximity in the three-dimen-
sional space.
the number of residues in a and b, respectively. Ni and acid in the conserved residues list and the log of the
same probability among the nonconserved interfaceNj are the number of structurally conserved residues in
a and b respectively. p1 is the probability for the two background according to Equation 4.
residues from a and b to be connected. p1 is given by
propensity (a)  log (n/N)/log (ni/Ni) (4)equation 2.
n and ni are the number of appearances of a given aminop1  D1/(Na  Nb) (2)
acid (a ) among structurally conserved and noncon-
Let us describe the interface as a bipartite graph with served positions respectively. N and Ni are the overall
black and white nodes accounting for conserved and number of structurally conserved and nonconserved po-
nonconserved residues respectively. Each edge in this sitions respectively.
graph represents proximity in three-dimensional space Atomic Packing—Calculating Occupied Volume
between two residues across the interface. D1 is the A 5 A˚ sphere was created around the residue C center.
number of edges in the interface graph (i.e., the number The van der Waals volumes (Zamyatin, 1972) of all atoms
of connections between residues in a and residues in across the interface, whose centers are within this
b, see Figure 2). sphere, were summed. Atomic packing results are pre-
Model 2. We examined the dependency between sented as cumulative volumes.
structural conservation and the number of neighboring
residues. We found that the probability that two residues Results
are connected (p ) and structural conservation are de-
pendent properties. The goal of the second model is to Structurally Conserved Residues Tend
eliminate the effect of this dependency. The expected to Couple across Interfaces
number of conserved couples (E2) is calculated ac- The 42 filtered clusters with at least 5 members, accept-
cording to Equation 1, but p is calculated according to able consensus motif, and conserved positions in both
Equation 3 rather than Equation 2. interface chains (accounting for 253 protein-protein
complexes and 625 structurally conserved positions;p2  D2/(Ni  Nb  Nj  Na  Ni  Nj) (3)
Table A, Appendix A, Supplemental Data) were analyzed
for coupling of conserved residues. Two residues fromHere, D2 is the number of edges in the interface graph
that are connected to at least one black node (represent- two interface chains are defined as a couple if the dis-
tance between the centers of any of their atoms is undering a conserved residue) rather than the entire edges of
the interface graph. The denominator is the number of 5 A˚. The expected number of couples was calculated per
cluster representative under the assumption of randomall edges connecting at least one black node in a fully
connected interface graph. distribution of conserved residues in interfaces (Model
1). The results are presented in Table 1. On average,Standard Deviation Assessment
of the Statistical Models the number of observed couples is 1.85 times larger
than expected by random distribution (accounted for 1.4A random distribution calculation is performed for a rep-
resentative from each interface cluster (Table A, Supple- units of SD). An example of conserved residues coupling
across an interface is presented in Figure 1. These re-mental Data) and each hot spot study case (Table B,
Supplemental Data). A lottery is conducted for each side sults suggest that structurally conserved residues tend
to be coupled across interfaces more than expected byof the interface. The number of conserved positions in
each side of the interface is kept constant, while the random distribution.
To analyze the tendency of structurally conserved res-positions are raffled out of all positions (conserved and
nonconserved) in the same side of the interface. Ran- idues to couple, data on the number of neighbors was
collected for 625 structurally conserved residues anddom numbers are generated by a chaotic random num-
ber generator with random cycle lengths (Chavez and 1654 nonconserved residues (Appendices A and B, Sup-
plemental Data). Surprisingly, structurally conservedCooper, 1998). This experiment was repeated 1000
times for each interface. The standard deviation is calcu- residues have on average 3.3 neighbors across the inter-
face, whereas nonconserved residues have on averagelated based on the results of these runs. Details and
results are presented in Tables 1 and 2. 2.6 neighbors. This difference is statistically significant
(p  0.01). This difference in the number of neighborsAmino Acids Propensity
The propensity of a given amino acid (a ) is given by the for the coupling data set can be explained in two ways.
First, the volume of structurally conserved residues isratio between the log of the probability to find this amino
Structure
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larger than that of nonconserved residues, thereby cor-
responding to more neighboring residues. Second,
higher atomic packing density in the vicinity of structur-
ally conserved residues corresponds to more neigh-
boring residues. According to the first explanation, one
would expect coupled amino acids with large volumes
to be more abundant than those with small volumes
among structurally conserved residues. The propensity
of each amino acid among conserved residues in the
coupled protein data set was plotted against its volume.
No such correlation between residue volume and pro-
pensity was found (correlation coefficient, r2 0.20). On
the other hand, atomic packing is higher in the vicinity
of conserved than around nonconserved residues. On
average, 48 A˚3 is occupied in the vicinity of a conserved
residue, while only 38.6 A˚3 is occupied in the vicinity of
a nonconserved residue. This difference is statistically
significant (p  0.01).
The prevalence of conserved and nonconserved resi-
dues was plotted against the occupied volumes in their
vicinity (Figure 3). The curves of conserved and noncon-
served clearly differ. In low packing areas (up to 50 A˚3),
nonconserved are much more frequent than conserved
residues. The nonconserved residues prevalence reaches
a high peak (nearly 30%) at 20 A˚3, while the conserved
curve peak is two times lower (15%) and is found in a
range of packing densities 20–50 A˚3. Another difference
between the conserved and nonconserved curves is in
the curve’s tail. The tail, representing especially high
packed regions (more than 130 A˚3), nearly vanishes in
the nonconserved curve, while retaining some height in
the conserved curve. Therefore, the higher number of
neighbors around structurally conserved residues in this
data set appears to result from a higher packing density
in their vicinity.
Can the coupling phenomenon be explained solely by
the higher packing density of each of the conserved
residues on their own? For this purpose, we use Model
2, which takes into account the packing of each residue.
The difference between Model 2 and Model 1 is in the
method for calculating the probability (p ) of two residues
from two different sides of the interface to be neighbors.
In Model 1, p1 is calculated as the ratio between the
number of edges in the interface graph (Figure 2) and
the number of edges in the same graph had it been fully
connected. In contrast, in Model 2, p2 is calculated as
the ratio between the number of edges connecting at
least one black node (a conserved residue) in the inter-
face graph and the number of edges connecting at least
one black node in the same graph had it been fully
connected. If the larger number of neighbors of con-
served residues is the sole reason for the coupling phe-
nomena, there should be a major difference in the ex-
pected number of couples between these models. The
average number of expected couples is 6.7 and 6.9
according to Models 1 and 2, respectively (Table 1).
This difference is insignificant. In conclusion, a higher
number of neighbors of the single conserved residues
cannot account completely for the coupling. The prefer-
ence of some residue pairs to interact, accounts for this
observation. Some preferred coupled pairs consist of
large residues (e.g., aromatic-aromatic) some are mixed
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(e.g., Gly-aromatic), and some small (e.g., Gly-Ala, Val).
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Table 2. Hot Spots Coupling across Interfaces: Results of Statistical Models
Interface Parameters Model 1 Model 2
1a 1b 2 3 4 5 6 7 8 9 10 11 12 13 14
Standard
Obs. No. of Exp. Deviation O/E in No. of Exp.
G Na Nb Ni Nj Couples (O) Edge (D) Couples (E) 0/E (SD) SD Units Edge (D) Couples (E) O/E
3hhr 0 18 16 32 8.64 3.70 19.67 1.19 23.03 1.39
0.5 10 11 17 3.30 5.15 8.81 1.56 13.16 1.29
1 7 8 10 1.68 5.95 4.94 1.68 7.90 1.27
1.5 5 8 9 1.20 7.50 0.96 8.13 4.89 1.84
2 47 56 1 4 1 79 0.12 8.33 0.26 3.36 67 1.40 0.72
3hfm 0 9 2 6 2.41 2.49 2.15 1.67 5.64 1.06
0.5 6 2 4 1.61 2.49 1.30 1.84 5.09 0.79
1 3 2 0 0.80 0.00 0.57 1.42 3.95 0.00
1.5 3 2 0 0.80 0.00 0.55 1.45 3.95 0.00
2 3 1 0 0.40 0.00 0.29 1.40 3.27 0.00
2.5 3 1 0 0.40 0.00 0.26 1.54 3.27 0.00
3 22 20 3 1 0 59 0.40 0.00 0.29 1.37 43 3.27 0.00
1vfb 0 13 12 31 19.67 1.58 19.40 0.58 25.38 1.22
0.5 8 8 19 8.07 2.35 8.59 1.27 13.89 1.37
1 6 3 7 2.27 3.08 2.98 1.59 6.30 1.11
1.5 4 2 4 1.01 3.97 0.96 3.12 3.48 1.15
2 2 1 1 0.25 3.97 0.26 2.86 1.69 0.59
2.5 20 23 2 1 1 58 0.25 3.97 0.25 2.97 54 1.69 0.59
1jck 0 10 10 18 3.86 4.66 5.46 2.59 4.81 3.74
0.5 8 7 10 2.16 4.63 3.07 2.56 3.10 3.23
1 8 6 9 1.85 4.86 2.97 2.40 2.49 3.62
1.5 6 3 6 0.69 8.64 0.95 5.58 1.43 4.20
2 62 56 4 3 5 134 0.46 10.80 0.67 6.82 40 1.21 4.15
1dvf 0 16 8 22 13.90 1.58 18.43 0.44 19.76 1.11
0.5 15 8 21 13.03 1.61 16.87 0.47 19.14 1.10
1 13 7 18 9.88 1.82 16.72 0.49 16.06 1.12
1.5 11 7 16 8.36 1.91 16.04 0.48 14.74 1.09
2 5 3 6 1.63 3.68 2.99 1.46 5.73 1.05
2.5 5 3 6 1.63 3.68 2.39 1.83 5.73 1.05
3 4 2 4 0.87 4.61 1.09 2.88 4.00 1.00
3.5 4 2 4 0.87 4.61 1.18 2.65 4.00 1.00
4 25 21 3 2 3 57 0.65 4.61 0.77 3.05 63 3.53 0.85
1dan 0 23 4 11 4.57 2.41 1.96 3.29 8.72 1.26
0.5 12 4 7 2.39 2.93 0.97 4.76 5.21 1.34
1 6 3 4 0.89 4.47 0.26 12.17 3.31 1.21
1.5 53 41 3 1 1 108 0.15 6.71 0.03 26.64 61 1.41 0.71
1brs 0 6 5 10 1.33 7.53 3.82 2.27 1.91 5.24
0.5 6 5 10 1.33 7.53 4.09 2.12 1.59 6.28
1 6 5 10 1.33 7.53 4.16 2.09 1.59 6.28
1.5 6 4 9 1.06 8.48 3.10 2.56 1.41 6.40
2 6 3 8 0.80 10.05 2.66 2.71 1.18 6.78
2.5 6 3 8 0.80 10.05 2.90 2.48 1.18 6.78
3 5 3 7 0.66 10.55 2.01 3.15 1.09 6.40
3.5 4 2 4 0.35 11.30 1.10 3.31 0.78 5.15
4 4 2 4 0.35 11.30 0.98 3.70 0.78 5.15
4.5 4 1 3 0.18 16.95 0.53 5.32 0.47 6.33
5 4 1 3 0.18 16.95 0.53 5.32 0.47 6.33
5.5 67 56 1 1 1 166 0.04 22.60 0.09 11.11 34 0.28 3.59
1a4y 0 10 9 11 5.57 1.98 5.27 1.03 11.54 0.95
0.5 8 4 3 1.98 1.52 1.83 0.56 4.59 0.65
1 4 1 0 0.25 0.00 0.21 1.19 1.32 0.00
1.5 2 1 0 0.12 0.00 0.10 1.22 1.09 0.00
2 40 38 2 1 0 94 0.12 0.00 0.12 1.07 62 1.09 0.00
Sum 755 424
Avg. 94.37 2.6 5.22 53.0 5.43 2.25
SD 4.0 4.74 6.07
Each row presents the results for a single complex (which was double alanine scanned) with a different threshold of G. For example, in
the first complex (3hhr) there are 32 couples of mutations accounting for more than 0 kcal/mol (row 1, column 6) and only one couple of
mutations accounting for more than 2 kcal/mol (row 5, column 6). For clarity, the two sides of the interface are indicated A and B. Column
1a, the cluster identifier identifies the interface clusters presented in Table A, Supplemental Data. Column 1b, this column indicates the
threshold G used for the hot spot definition. The description of the rest of the columns is the same as that given in the legend to Table 1.
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The results below refer to 53 hot spots and 551 non-
hot spot interface residues (Appendices C and D, Sup-
plemental Data). Hot spots have on average 4.2 neigh-
bors across the interface, whereas non-hot spots have
on average 2.3. This difference is statistically significant
(p  0.01), accounting for a distance of 2.9 SD units.
Since hot spots have more neighbors than non-hot
spots, we further examined whether the volume of hot
spots is larger than non-hot spots, thereby correspond-
ing to more neighboring residues. When amino acids
with zero occurrence in hot spots (Table 3) were as-
signed a zero propensity, a nonsignificant correlation
was found between amino acid volumes and their pro-
pensities among hot spots (r2  0.01). In addition, a very
weak and insignificant correlation was found between
the number of neighbors and the volume of an amino
Figure 3. Structurally Conserved Residues Prevalence and Packing acid (r2  0.03) (Appendix C, Supplemental Data).
Packing is measured as cumulative occupied volume in the vicinity Packing is higher around hot spots versus non-hot
of a residue. The percent of conserved (black) and nonconserved spots. On average, 69.2 A˚3 (SD 42.5) is occupied in the
(gray) residues was measured in a step of 10 A˚3. vicinity of hot spots, while only 38.1 A˚3 (SD 17.1) is
occupied around non-hot spots. This difference is statis-
tically significant with a confidence level of 0.99. Further-
Double-Alanine Scanning of Complexes more, there is a strong correlation (r2  0.94) between
The Alanine Scanning Energetics database, ASEdb the occupied volume and G (Figure 4).
(Thorn and Bogan, 2001), was searched for complexes To examine the relative contribution of the high num-
where both interacting proteins were alanine scanned. ber of neighbors to the coupling of hot spots, Model 2
Overall, 8 pairs of protein-protein complexes consisting was applied. The average number of expected couples
of 429 alanine mutations and 53 hot spots were found is 2.6 (SD 4.0) and 5.4 (SD 6.0) according to Models 1
and analyzed (Table 2). Although this data set includes and 2 respectively (Table 2). This suggests that the high
all available cases of double-mutated complexes, the number of neighbors accounts for a relatively large part
number of complexes is very small, and it may be biased of the coupling phenomena observed in hot spots.
since most of the complexes were not exhaustively
scanned. Therefore, hot spot coupling analysis cannot
Residue Couplingbe statistically rigorous. However, its results may reflect
Table 4 illustrates the coupling trends for the conservedthe trends that do exist in this type of data. The expected
residues. Several interesting preferred and avoided cou-number of hot spot couples was calculated per complex
plings are observed. There is a high conservation ofunder the assumption of random distribution of hot
Cys-Cys across the interface, consistent with previousspots in interfaces (Model 1). The results are presented
observations (Ofran and Rost, 2003). Gly is particularlyin Table 2. On average, the number of observed hot spot
interesting. Gly is preferentially coupled with aromatics,couples is 5.2 times larger than expected by random
polar, and charged residues. It is also preferred neardistribution. To assess the statistical significance of this
small hydrophobic residues (Ala, Val), but disfavoredresult, the SD was computed per complex based on
near the larger hydrophobics (Met, Pro, Leu, Ile). Gly, a1000 random runs. The ratio between observed and
highly flexible residue without a heavy atom side chain,expected couples accounted for 2.8 SD units. Hence,
can easily tightly pack against other residues, preferablyhot spots, like structurally conserved residues, tend to
polar/charged where its backbone can hydrogen bondcouple across interfaces more than expected by random
across the interface. We further find a preferred couplingdistribution. The ratio between observed and expected
between aromatic residues, and between hydrophobiccouples is higher for hot spots than for structurally con-
residues, although not involving Ile and Leu. Hu et al.served residues. This difference may relate to noise in
(2000) and Ma et al. (2003) have already commented onthe structure conservation obtained when multiply su-
the Leu/Ile. Aromatics are preferentially coupled withperimposing members of an interface cluster.
both positive and negative charged residues, with thePossible reasons for structurally conserved residues
former being slightly more preferred. The behavior ofcoupling were also examined for hot spots, i.e., number
charged residues is very interesting. We find that thereof neighbors, amino acid propensity and packing. A
is an underrepresentation of charged-charged couples.higher number of neighbors, lack of correlation between
This underrepresentation is also observed in the polar-residue volume and propensity and more condensed
polar interactions, although to a lesser extent.packing were found in both structurally conserved resi-
dues and hot spots. Again, these trends were more in-
tense for hot spots than for conserved residues. The Conserved Residue Couples
and Coupled Hot Spotsrelative contribution of the number of neighbors in hot
spots is higher than the one observed for conserved Application to Docking
To determine if coupling (of structurally conserved resi-residues, possibly relating to the different (experimental
versus computational) procedures. dues or hot spots) can be used to improve docking,
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Table 3. Amino Acid Propensities and Volume of Structurally Conserved Residues and Hot Spots
Structurally Conserved Residues Hot Spots
Residue
Amino Acid Type Volume (A˚3) Conserved Nonconserved Propensity Hot Spots Non-Hot Spots Propensity
G 60.1 47 73 0.83 2 38 1.23
A 88.6 43 104 0.97 0 19 0.00
S 89 36 100 1.02 0 52 0.00
C 108.5 10 15 0.88 0 12 0.00
D 111.1 22 78 1.10 8 29 0.64
P 112.7 40 60 0.83 0 13 0.00
N 114.1 30 77 0.99 4 44 1.02
T 116.1 35 91 0.99 1 33 1.41
E 138.4 32 107 1.09 2 41 1.26
V 140 43 134 1.07 1 22 1.23
Q 143.8 23 91 1.14 2 27 1.09
H 153.2 22 38 0.89 2 15 0.91
M 162.9 11 50 1.15 0 5 0.00
I 166.7 31 107 1.10 4 11 0.66
L 166.7 64 175 1.01 0 25 0.00
K 168.6 21 86 1.15 5 39 0.89
R 173.4 33 100 1.05 7 38 0.76
F 189.9 39 77 0.90 2 22 1.02
Y 193.6 40 62 0.84 10 41 0.64
W 227.8 3 29 1.32 3 25 0.93
Column 1, the amino acid type. Column 2, the volume of the amino acid specified in column 1 in units of A˚3. Column 3, the number of
appearances of the amino acid specified in column 1 in the 625 structurally conserved residues (detailed in Appendix A, Supplemental Data).
Column 4, the number of appearances of the amino acid specified in column 1 in the 1654 nonstructurally conserved residues (detailed in
Appendix B, Supplemental Data). Column 5, the propensity of the amino acid specified in column 1. It is calculated as log (column 3/625)/
log (column 4/1654). Columns 6–8, equivalent to columns 3–5 with respect to hot spots instead of structurally conserved residues. (The data
is detailed in Appendices C and D, Supplemental Data).
comparative docking experiments were carried out. Two compared with the blind docking in both conserved resi-
due couples and alanine scanning couples. In the struc-examples were chosen: one from the interface data set
clusters (glutathione S-transferase I, PDB: 1axd—the ture conservation example, the best rmsd of the all-
interface is similar to that of the blind experiment (3.34representative of cluster no. 1 in Table A Supplemental
Data) and the other from the double alanine scanned compared to 3.33 A˚), but its rank is considerably higher
(153 and 56). The highest rank rmsd was not changed,complexes (soluble tissue factor, PDB: 1dan—example
6 in Table B, Supplemental Data). In the first case, the but its rank was improved. Similar results were observed
in the hot spot example. Interestingly, the conservedinterest residues to be coupled are structurally con-
served residues. In the second, these are experimental and hot spot couples noticeably improved the results
compared with the all interface docking. This compari-hot spots. Both cases were docked with PatchDock
(Duhovny et al., 2002) using unbound structures (de- son enables us to isolate the contribution of the interest
tailed in Table 5, Unbound Docking Cases). PatchDock
divides the protein surfaces into patches by the surface
shape and superimposes the patches using shape-
matching algorithms. Here, PatchDock takes into ac-
count the interest residues in the search and the scoring
stages. The search stage was designed to avoid gener-
ating complexes without interest residues in their inter-
face. This was achieved by aligning only patches with
interest residues. This requirement forces solutions with
at least one couple of interest residues. In the scoring
stage, solutions where under 10% of the interface area
consisted of interest residues were excluded. For each
example three docking experiments were carried out:
(i) blind, without any interest residues; (ii) all interface,
Figure 4. Atomic Packing around Hot Spotswith the entire interface as interest residues; and (iii)
Increasing G thresholds were used to select a subset of alanineconserved/alanine scanning hot spots couples, with
mutations from the data presented in Appendix C; see Supplementalstructurally conserved residues or hot spots as interest
Data at http://www.structure.org/cgi/content/full/12/6/1027/DC1.residues.
The average occupied volume around a residue of each subset is
The results are given in Table 5, Docking Results. As plotted against the G threshold used to define this subset. A
anticipated, the all-interface results, in which an a priori strong positive correlation is observed between a residue’s ener-
getic contribution and the occupied volume around it.knowledge of the interface was included, are improved
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Table 4. Residue Conservation Coupling
No. of Fraction of No. of Fraction of Fraction Ratio
Coupling Conserved Conserved Interface Interface (Conserved/
Coupling Types Identities Couples Couples Couples Couples Interface)
Cysteine-cysteine: bridges C::C 2 0.44 7 0.19 2.27
across the interface
Glycine couples G::AV 10 2.18 41 1.12 1.94
G::YFW 14 3.05 61 1.67 1.82
G::STQN 14 3.05 72 1.97 1.55
G::EKRHD 14 3.05 80 2.19 1.39
G::G 2 0.44 18 0.49 0.88
G::MP 1 0.22 18 0.49 0.44
G::LI 2 0.44 49 1.34 0.32
Hydrophobic-hydrophobic AVMPLI::AVMPLI 93 20.26 689 18.88 1.07
AVMP::AVMP 38 8.28 204 5.59 1.48
LI::LI 19 4.14 196 5.37 0.77
Aromatic-aromatic YFW::YFW 17 3.7 109 2.99 1.24
Polar-polar STQN::STQN 20 4.36 195 5.35 0.82
Charged-charged ED::KRH 10 2.18 140 3.84 0.57
(opposite charges)
Charged-hydrophobic EKRHD::AVMPLI 55 11.98 458 12.55 0.95
Aromatic-positively KRH::YFW 19 4.14 113 3.1 1.34
charged
Aromatic-negatively ED::YFW 9 1.96 63 1.73 1.14
charged
Polar-positively charged KRH::STQN 26 5.66 163 4.47 1.27
Polar-negatively charged ED:: STQN 11 2.4 92 2.52 0.95
The columns are as follows: column 1, residues types; 2, number of conserved couples; 3, fraction of the conserved couples (column 2 divided
by the sum of conserved couples); 4 and 5, similar to 2 and 3 with respect to interface couples which are not conserved; and 6, ratio between
the fractions of conserved couples and interface couples (column 3 divided by column 5).
residues and their coupling. In the structure conserva- but its rank improved from 12 to 2 (Figure 5B). We note
that the residue conservation example can be furthertion example, the best rmsd was slightly improved (from
3.3 to 2.0 A˚) and its rank improved from 56 to 16. The improved using symmetry constraints, to give a best
rmsd of 1.5 and rank 6. The improvement of dockingsolution with the best rmsd is shown in Figure 5A. In
the hot spot example, the best rmsd was unchanged, achieved by conserved and hot spot-couples compared
Table 5. Docking Experiments
Unbound Docking Casesa
Bound Chain Matching Unbound Chain Rmsd
1AXD_A 1BYE 0.88
1AXD_B 1AW9 2.74
1DAN_TU 1BOY 0.78
1DAN_L 1FAK_L 1.85
Docking Resultsb
Docking Highest Highest Best Rank of
Complex Experiment Rank Rmsd Rank Rmsd Best Rmsd
Structurally conserved blind 3.34 153 3.34 153
couples (1AXD)
all-interface 3.34 52 3.33 56
conserved 3.77 15 2.00 16
Hot spots couples blind 4.27 16 4.27 16
(1DAN)
all-interface 4.27 12 4.27 12
alanine 4.27 2 4.27 2
a Columns 1 and 2 present the bound and unbound structures used for docking and assessment of the results. Column 3 provides the C
based rmsd (root mean square deviation) between the bound and unbound structures, providing a rough indicator of its difficulty.
b Two unbound docking cases were docked using PatchDock (Duhovny et al., 2002). For each example, three docking experiments were
carried out: (i) blind, without any interest residues; (ii) all interface, with the entire interface as interest residues; (iii) conserved/alanine scanning
couples, with structurally conserved residues or hot spots as interest residues. Four parameters are used to describe the goodness of the
docking: highest rank rmsd, the rmsd of the highest ranking solution with rmsd less than 5 A˚. Highest rank, the rank of the highest ranking
solution with rmsd less than 5 A˚. Best rmsd, the rmsd of the lowest rmsd solution. Rank of best rmsd, the rank of the best rmsd solution.
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and R.N., unpublished data) and complemented pocket
analysis (X. Li, O. Keskin, B. Ma, R.N., and J. Liang,
unpublished data). It is worth mentioning, that approxi-
mately two-thirds of the complexes are homodimers.
However, this observation is not expected to affect the
relevance of conclusions based on this data to hetero-
dimers. This expectation is based on the high similarity
between residue potentials developed from homodimer
and heterodimer interfaces (correlation coefficient of
0.92) (Lu et al., 2003). Interestingly, we observe that
charged-charged couples are disfavored. Destabilizing
protein-protein interactions can arise from a couple of
causes as a result of a mutation (DeLano, 2002; Hendsch
and Tidor, 1994). Among these are: reduced contacts,
loss of protein-solvent pairings, reduced buried nonpo-
lar surface, and local and global unfolding (DeLano,
2002; Waldburger et al., 1995). Nevertheless, while not
observed statistically overall, electrostatic interactions
and hydrogen bonds are well known to be crucial to the
stability of protein-protein complexes (Sheinerman et
al., 2000; Norel et al., 2001; Fernandez and Scheraga,
2003). Furthermore, recently, simple physical models
have been shown to be very successful in the prediction
of the hot spots binding energy contribution (Guerois et
al., 2002; Kortemme and Baker, 2002). The high success
rate of these models clearly illustrates the important role
of electrostatic interactions and hydrogen bonds in the
hot spots contributions. Combined, the observations
appear to point toward the organization of the hot spots
as a critical factor in stabilizing protein-protein interac-
tions. The highly packed regions may assist in excluding
solvent to effectively lower the dielectric constant (Bo-
gan and Thorn, 1998), strengthening the electrostatic
and hydrogen bonding interactions. Thus, they may re-
late to the O rings which were proposed to surround
the hot spots. An indication of the role of H bonds in
these highly packed environments is also obtained from
the preferred/disfavored residue couples. In this regard,
Figure 5. Application of the Observed Coupling Phenomen to Pro-
the unfavored Gly-large hydrophobic aliphatic (and cou-tein-Protein Docking
ples of large hydrophobic aliphatics) versus preferred(A) An example of conserved couples based docking solution. The
Gly-aromatic/polar couples may provide a clue. Whilebound structure (1axd chains A and B) is shown in red and green. The
densely packing, the Gly backbone can hydrogen bondbest rmsd docking solution is shown in blue. Conserved residues are
shown in spacefill. with the aromatics, polar, charged, and small hydropho-
(B) An example of hot spots couples based docking solution. The bics. The preferred organization of polar interactions of
bound structure (1dan chains T, U, and L) is shown in red and the conserved and hot spot residues (Ma et al., 2003; Hu
green. The best rmsd docking solution is shown in blue. Conserved
et al., 2000) in closely packed environments is currentlyresidues are shown in spacefill.
under investigation. Such polar interactions by residues
that are near each other may prove very important in
protein-protein association.with all-interface docking can be explained by the reduc-
The observation that structurally conserved residuestion in the number of false positive couples.
are in high local packing density regions rationalizes
their conservation. In particular, it again highlights the
Discussion and Conclusions similarity between protein folding and protein binding
(Tsai et al., 1997, 1998). Folding and binding are similar
Conserved and Hot Spot Residue Coupling processes, with similar underlying principles. The hy-
We find that structurally conserved and experimental drophobic effect drives protein folding. Overall, in bind-
hot spot residues tend to be coupled across the inter- ing it is not as strong and may be quite variable. Here we
face more than expected by random distribution. Fur- observe that packing, a well-known major contributor to
ther, the coupled residues are in locally highly packed the stability of globular proteins (Lattman et al., 1994;
environments. Thus, the results point to the role played Bromberg and Dill, 1994; Shoichet et al., 1995; Xu et al.,
by packing in stabilizing protein interactions. These ob- 1998) is extremely important in binding. However, as
servations are in agreement with those obtained from expected, packing is not uniformly distributed across
the interfaces, explaining why protein-protein associa-fast mode fluctuations (T. Haliloglu, O. Keskin, B. Ma,
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Bromberg, S., and Dill, K.A. (1994). Side-chain entropy and packingtions do not exceed a functional maximal stability. Fur-
in proteins. Protein Sci. 3, 997–1009.thermore, it is striking that in the eight complexes where
Chakrabarti, P., and Janin, J. (2002). Dissecting protein-protein rec-both proteins were alanine scanned and thus included
ognition sites. Proteins 47, 334–343.in our data set, we find that G of a hot spot correlates
Chavez, R.M., and Cooper, G.F. (1998). Mersenne twister: a 623-remarkably well with the local packing density (Figure
deimentionally equidistributed uniform pseudo random number3). Combined, the picture that appears to emerge from
generator. ACM Trans. Model. Comput. Simul. 8, 1–30.
this work is that interfaces consist of regions of high
Chothia, C., and Janin, J. (1975). Principles of protein-protein recog-
and low packing density, with the (largely polar) hot nition. Nature 256, 705–708.
spots located in the former. Thus, protein-protein inter-
Clackson, T., and Wells, J.A. (1995). A hot spot of binding energy
actions are optimized locally, allowing more freedom in a hormone-receptor interface. Science 267, 383–386.
and tolerance. Possibly this organization provides a clue DeLano, W.L. (2002). Unraveling hot spots in binding interfaces:
to the diversity of protein binding (Ma et al., 2002). progress and challenges. Curr. Opin. Struct. Biol. 12, 14–20.
DeLano, W.L., Ultsch, M.H., de Vos, A.M., and Wells, J.A. (2000).
Convergent solutions to binding at a protein-protein interface. Sci-Potential Applications
ence 287, 1279–1283.The tendency of structurally conserved residues to cou-
Duhovny, D., Nussinov, R., and Wolfson, H.J. (2002). Efficient un-ple across interfaces and their highly packed environ-
bound docking of rigid molecules. In Proceedings of the Secondment may be used for improving docking prediction. In
Workshop on Algorithms in Bioinformatics, 2452 (WABI), R. Guigo,
such a scheme, each new protein will first be aligned D. Gusfield, and H.D. Belitz, eds. (Rome: Lecture Notes in Computer
with its structural homologs to determine the conserved Science), pp. 185–200.
residues. Unlike our current analysis, this will be per- Fernandez, A., and Scheraga, H.A. (2003). Insufficiently dehydrated
formed without a priori knowledge of the interface. hydrogen bonds as determinants of protein interactions. Proc. Natl.
Acad. Sci. USA 100, 113–118.Moreover, couples of structurally conserved residues
may be used to search the three-dimensional space. Glaser, F., Pupko, T., Paz, I., Bell, R.E., Bechor-Shental, D., Martz,
E., and Ben-Tal, N. (2003). ConSurf: identification of functional re-Two couples of structurally conserved residues are suffi-
gions in proteins by surface-mapping of phylogenetic information.cient for calculating a transformation. This strategy is
Bioinformatics 19, 163–164.expected to reduce the number of transformations com-
Guerois, R., Nielsen, J.E., and Serrano, L. (2002). Predicting changesmonly generated by docking algorithms.
in the stability of proteins and protein complexes: a study of more
than 1000 mutations. J. Mol. Biol. 320, 369–387.
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